Abstract: Valorization of lignocellulosic biomass into a biorefinery scheme requires the use of all biomass components; in this, the lignin fraction is often underutilized. Conversion of lignin to nanoparticles is an attractive solution. Here, we investigated the effect of different lignin isolation processes and a post-treatment homogenization step on particle formation. Lignin was isolated from birch chips by using two organosolv processes, traditional organosolv (OS) and hybrid organosolv-steam explosion (HOS-SE) at various ethanol contents. For post-treatment, lignin was homogenized at 500 bar using different ethanol:water ratios. Isolation of lignin with OS resulted in unshaped lignin particles, whereas after HOS-SE, lignin micro-particles were formed directly. Addition of an acidic catalyst during HOS-SE had a negative impact on the particle formation, and the optimal ethanol content was 50-60% v/v. Homogenization had a positive effect as it transformed initially unshaped lignin into spherical nanoparticles and reduced the size of the micro-particles isolated by HOS-SE. Ethanol content during homogenization affected the size of the particles, with the optimal results obtained at 75% v/v. We demonstrate that organosolv lignin can be used as an excellent starting material for nanoparticle preparation, with a simple method without the need for extensive chemical modification. It was also demonstrated that tuning of the operational parameters results in nanoparticles of smaller size and with better size homogeneity.
Introduction
Transition to a more sustainable society requires the use of renewable and sustainable resources for the production of fuels, chemicals, and materials. Among the different options, lignocellulosic biomass offers an important alternative as it consists of a renewable and plentiful resource [1] . Lignocellulosic biomass can be derived from a variety of sources, such as residues and by-products from forestry and agricultural sectors. The use of residues and by-products has many advantages, as they do not compete directly with the production of food and feed. Furthermore, their conversion to fuels, chemicals, and materials could become an extra source of revenue for the forestry and agricultural sectors, contributing to the support of rural economies. the application of laborious chemical modifications such as acetylation and grafting to improve yields [25] . Besides adding up to/increasing the process complexity, such modifications often employ environmentally hazardous chemicals [28] . Organosolv lignin has higher solubility in organic solvents, making it a better candidate for these processes.
The aim of the current work was to study the formation of micro-and nanoparticles from organosolv-isolated lignin from birch chips. We assessed the effect of operating conditions of the organosolv fractionation process on the ability to form lignin particles. Specifically, we compared a traditional organosolv fractionation method (OS) that was optimized for birch biomass by our group [18] with a newly developed hybrid organosolv steam-explosion fractionation method (hybrid, HOS-SE) [9] . The effects of the explosive discharge (occurring in the hybrid fractionation process), ethanol content, and addition of acidic catalyst during fractionation on particle formation were examined. Subsequently, we evaluated the effect of homogenization as a post-treatment step on the formation of lignin particles under various ethanol:water ratios and in relation to the choice of lignin isolation process.
Results and Discussion

Effect of the Fractionation Process on Particle Formation
Initially, we evaluated the effect of various operational conditions of the HOS-SE fractionation process on the direct formation of lignin particles. Addition of acidic catalysts, such as sulfuric or phosphoric acid, is common during organosolv as it can improve the cellulose content, saccharification, and delignification yields [9, 30, 31] . Use of acid during pretreatment has also an impact on lignin itself, as it can promote the cleavage of ether bonds [32, 33] , causing chemical changes to the lignin structure. Here, addition of sulfuric acid (1% w/w biomass ) during organosolv pretreatment promoted the formation of unshaped lignin, whereas absence of the acid catalyst favored the formation of lignin micro-particles ( Figure 1 ). The latter, however, appeared non-homogenous in size, varying mainly from a few µm to >1 µm in diameter, whereas few particles were also smaller than 1 µm. Importantly, this finding demonstrated that spherical lignin particles could be isolated directly from the liquor after pretreatment, without any need for further processing.
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Lignin Particle Formation through Homogenization
Homogenization has been used for the preparation of lignin nanoparticles from kraft and organosolv lignin using either a shear homogenizer [26] or a homogenizer [25] . During the process, formation of lignin particles was reported to be significantly affected by ethanol content [25] , but not by homogenization time, as long as sufficient time was provided. Accordingly, we investigated the effect of homogenization at different ethanol contents (0% v/v, 50% v/v, and 75% v/v). To ensure that adequate time was given for particles to form, homogenization was performed by recycling the liquid five times.
To determine whether post-treatment by homogenization affected the formation of micro-and nanoparticles of different shapes or sizes, we used lignin isolated by both OS and HOS-SE methods. Specifically, we sought to determine the effect of homogenization on amorphous lignin (OS lignin) and on size reduction of already formed particles (HOS-SE lignin). Treatment of HOS-SE lignin (isolated with 60% v/v ethanol) by homogenization at 50% v/v and 75% v/v ethanol content significantly reduced particle size and improved their homogeneity (Figure 4) . Specifically, prior to homogenization, HOS-SE lignin (Figure 4a ) consisted mainly of micro-particles of 1-3 µm, with a few having slightly higher or lower diameter. After homogenization with 50% v/v ethanol, smaller particles with a diameter ranging from 1 µm to approximately 250-300 nm were formed (Figure 4c ). Increasing ethanol content during homogenization to 75% v/v, further reduced particle size, with the majority of them now ranging between 250 nm and 500 nm (Figure 4d ). On the contrary, homogenization without ethanol caused deformation of already spherical particles (Figure 4b) . A similar homogenization outcome was observed also with HOS-SE lignin isolated with 50% v/v and 70% v/v ethanol.
An analogous positive effect of homogenization was observed with OS lignin (Figure 5a ). There, homogenization facilitated the formation of defined spherical particles from initially unshaped and amorphous lignin. Similar to HOS-SE lignin, homogenization in the absence of ethanol (with 100% v/v water) failed to improve lignin morphology (Figure 5b ). In contrast, homogenization with 50% v/v ethanol promoted the formation of spherical particles of various sizes (Figure 5c ), which was further improved in terms of shape and size homogeneity when ethanol was increased to 75% v/v (Figure 5d ). At these homogenization conditions, nanoparticle diameter varied between approximately 130 nm and 350 nm, with some of them being even smaller (Figure 5d ). Comparable results were obtained by homogenization of OS lignin from the 50% v/v pretreatment.
The above observations were also confirmed by determining particle size with dynamic light scattering (DLS) ( Table 1) . Volume and intensity distributions of particle sizes of nanoparticles are shown in Supplementary Material, Figure S1 . The results were in accordance with scanning electron microscopy (SEM) images and confirmed a reduction in particle size after homogenization.
Increasing ethanol content during homogenization resulted in nanoparticles of lower diameter, in both OS and HOS-SE lignin samples (when spherical particles were formed).
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DLS served also to determine surface charge (zeta potential) of lignin samples forming spherical particles. Zeta potential is often used to predict colloidal stability [36] . High positive or negative zeta potential values indicate adequate electrical double layer repulsion between suspended nanoparticles, preventing their aggregation. The zeta potential is often measured on lignin DLS served also to determine surface charge (zeta potential) of lignin samples forming spherical particles. Zeta potential is often used to predict colloidal stability [36] . High positive or negative zeta potential values indicate adequate electrical double layer repulsion between suspended nanoparticles, preventing their aggregation. The zeta potential is often measured on lignin nanoparticles [37] , which generally exhibit negative values, a fact that can be attributed to the negative charge of phenols, as well as (partly) to the adsorption of hydroxyl ions [28, [37] [38] [39] . In the present study, we observed a significant effect of ethanol content during pretreatment of HOS-SE on the zeta potential. Specifically, the surface charges on particles of HOS-SE lignin (prior to homogenization) isolated with 50% and 60% v/v ethanol were −30.4 ± 0.8 mV and −30.2 ± 1.8 mV, respectively. In contrast, at 70% v/v ethanol content, the zeta potential was less negative. This reduced zeta potential value could partially explain why, as noted by SEM, lignin particles isolated with HOS-SE using 50% v/v and 60% v/v had a well-formed spherical shape (Figure 2a,b) , whereas lignin isolated with 70% v/v ethanol formed less defined spherical particles, which tended to create amorphous aggregates (Figure 2c) .
In general, the homogenization post-treatment step resulted in the formation of more stable particles when compared to the initial lignin samples. Zeta potential values of the nanoparticle dispersion formed with HOS-SE and OS lignin at 60% v/v ethanol content after homogenization at 75% v/v ethanol were −39.3 ± 0.8 and −37.2 ± 1.9 mV, respectively (Table 1) . These values indicate that such lignin particles were relatively stable in water [28] . This characteristic, combined with their well-distributed particle size and spherical shape, renders these lignin nanoparticles suitable for different applications, such as the production of nanocomposite films [38] or as drug carriers [40] .
The same positive effect of homogenization on nanoparticle formation was observed in a previous study, whereby initially amorphous lignin was re-arranged and formed spherical nanoparticles [41] . However, it should be noted that optimal ethanol content for the formation of spherical nanoparticles was 50% v/v in that study. In general, the solvent:water ratio plays an important role in the formation of lignin nanoparticles, as these tend to form a hydrophobic core surrounded by a hydrophilic shell [42] . During self-assembly and formation of lignin nanoparticles, organic solvent content is gradually reduced by adding water, leading to hydrophobic aggregation of lignin molecules and subsequent sphere formation when water content surpasses a critical value [29, 42] . A similar process for the formation of spherical lignin particles has also been proposed to occur during homogenization, whereby abundant hydrophilic moieties are constantly exposed to ethanol, resulting in the formation of spheres [25] . The optimal solvent:water ratio can therefore vary and is dependent on many factors, such as lignin chemical structure (the presence of hydrophilic moieties, their relative abundance, etc.), the type of solvent used, or the process operational parameters (speed of water content increase, pressure, etc.), all of which have an important effect on particle formation [28, 29, 42, 43] .
In the present study, we show that homogenization of lignin in the presence of ethanol and water solutions can promote the formation of micro-and nanoparticles. Importantly, we report that ethanol content affects their size and homogeneity. In this context, it is also essential that the lignin remains intact during the homogenization step and does not undergo chemical modifications or decomposition. To verify the integrity of lignin, we collected Fourier-transform infrared (FT-IR) spectra ( Figure 6 ). These revealed various peaks characteristic of lignin, such as O-H stretching of aliphatic and phenolic OH, C-H stretching in aromatic methoxy, methyl, and methylene groups, C=O stretching, aromatic skeletal ring vibration, C-C aromatic skeletal ring vibration, C-H asymmetric deformation in methyl and methylene groups, and aromatic skeletal ring vibrations [43, 44] . The spectra for lignin prior and after homogenization appeared similar, as indicated by the absence of changes in the number of peaks (disappearance or appearance of new peaks) or major peak shifts following homogenization. Based on this, we concluded that the homogenization did not have any major effect on lignin chemical structure. Analogous results, and consequent lack of notable changes, were observed in the FT-IR spectra of other homogenized HOS-SE and OS lignins (Supplementary Material, Figure S2 ). decomposition. To verify the integrity of lignin, we collected Fourier-transform infrared (FT-IR) spectra ( Figure 6 ). These revealed various peaks characteristic of lignin, such as O-H stretching of aliphatic and phenolic OH, C-H stretching in aromatic methoxy, methyl, and methylene groups, C=O stretching, aromatic skeletal ring vibration, C-C aromatic skeletal ring vibration, C-H asymmetric deformation in methyl and methylene groups, and aromatic skeletal ring vibrations [43, 44] . The spectra for lignin prior and after homogenization appeared similar, as indicated by the absence of changes in the number of peaks (disappearance or appearance of new peaks) or major peak shifts following homogenization. Based on this, we concluded that the homogenization did not have any major effect on lignin chemical structure. Analogous results, and consequent lack of notable changes, were observed in the FT-IR spectra of other homogenized HOS-SE and OS lignins (Supplementary Material, Figure S2 ).
(a) (b) Figure 6 . FT-IR spectra of (a) HOS-SE and (b) OS lignin isolated with 60% v/v ethanol, prior to homogenization (blue line), homogenized with 50% v/v ethanol (orange line) and 75% ethanol (grey line).
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Materials
Birch chips (Betula pendula L.) from mills in Northern Sweden were used as feedstock for the present study. The chips were air-dried and milled in a knife mill (Retsch SM 300, Retsch GmbH, Haan, Germany) through a 1-mm screen. Milled chips were stored at room temperature until use. 
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Materials
Birch chips (Betula pendula L.) from mills in Northern Sweden were used as feedstock for the present study. The chips were air-dried and milled in a knife mill (Retsch SM 300, Retsch GmbH, Haan, Germany) through a 1-mm screen. Milled chips were stored at room temperature until use.
Lignin Preparation
Lignin was isolated from birch chips by employing two fractionation processes, namely OS and HOS-SE. OS was performed in an autoclave apparatus as described before [18] . The conditions employed were 182 • C for 1 h at an ethanol content of 50% v/v or 60% v/v. HOS-SE fractionation took place as previously described at 200 • C [9] . The fractionation parameters for the HOS-SE were 15 min with 60% v/v ethanol, with and without the addition of 1% w/w biomass H 2 SO 4 , and 30 min with 70% v/v ethanol or 50% v/v ethanol [9] . After fractionation, pretreated solids were separated from the pretreated liquor and lignin was isolated from the liquor as previously described [9, 18] .
Lignin Homogenization
Homogenization of lignin took place in an APV 1000 Rannie Mini-Lab pressure homogenizer (Albertslund, Denmark). For this purpose, 1 g of lignin was mixed with 100 mL of ethanol-water solution (ethanol content 0%, 50%, and 75% v/v) in a magnetic stirrer for 8 h at room temperature. Homogenization took place at 500 bar and the solution was recycled five times through the homogenizer. After homogenization, samples were diluted with cold water to attain an ethanol content below 10% v/v, which reduced the solubility of lignin in the solution. The solutions were then placed in 50-mL plastic tubes and centrifuged at 7000 rpm for 15 min, after which the supernatant was discarded. Finally, the lignin pellet was collected and dried in a freeze dryer.
Lignin Particles Characterization
Lignin particles were observed for their shape and size in a FEI Quanta scanning electron microscope (Thermo Fischer Scientific, Waltham, MA, USA). Imaging was carried out at an accelerating voltage of 20 kV, under high-vacuum conditions. All samples were coated with gold prior to imaging. An overall amount of 10 different images were taken for each sample in order to obtain a representative picture of it. Image analysis for the determination of particle size was performed with the ImageJ software. DLS and zeta potential measurements were performed on a Zetasizer Nano Series (Malvern Panalytical, Malvern, UK), with a multipurpose titrator. Specifically, a particle solution of 0.05 mg/mL was used for the analysis, with water chosen as dispersant. Each data point represents the average value of three measurements, with 11-15 runs for each measurement. FT-IR spectra were obtained on a Perkin Elmer Spectrum 100 Spectrometer (Waltham, MA, USA); the spectra were scanned over the range 4000-400 cm −1 . The FTIR spectra presented are the average of 3 measurements.
Conclusions
The present study demonstrates that organosolv lignin can serve as a promising raw material for the preparation of lignin nanoparticles using a simple mechanical method. The technique used for biomass fractionation plays an important role in the formation of lignin particles. Accordingly, use of a newly established hybrid organosolv-steam explosion method allowed for the recovery of micro-particles directly after pretreatment. Operational parameters of organosolv fractionation affect the formation of lignin micro-particles at the end of the pretreatment. Crucially, homogenization can facilitate the formation of spherical lignin micro-and nanoparticles, even from initially amorphous lignin. The ethanol content during the homogenization step affects particle size, which tends to decrease as the ethanol content increases to 75% v/v. Lignin nanoparticles with an average size as low as 200 nm can be obtained under optimal conditions, demonstrating that tuning of the operational parameters for the particle preparation is a crucial step to get high quality lignin nanoparticles. Finally, the particles' zeta potential charge indicates that they have good colloidal stability, and FT-IR spectra reveal that lignin molecular integrity is unaffected by the homogenization step.
Supplementary Materials: The following are available online, Figure S1 : Intensity (I) and volume (V) distributions of particle sizes of nanoparticles, Figure S2 : FT-IR graphs of lignin nanoparticles.
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